Bloch-Salisbury E, Indic P, Bednarek F, Paydarfar D. Stabilizing immature breathing patterns of preterm infants using stochastic mechanosensory stimulation. J Appl Physiol 107: 1017-1027 , 2009 . First published July 16, 2009 doi:10.1152/japplphysiol.00058.2009.-Breathing patterns in preterm infants consist of highly variable interbreath intervals (IBIs) that might originate from nonlinear properties of the respiratory oscillator and its input-output responses to peripheral and central signals. Here, we explore a property of nonlinear control, the potential for large improvement in the stability of breathing using low-level exogenous stochastic stimulation. Stimulation was administered to 10 preterm infants (postconceptional age: mean 33.3 wk, SD 1.7) using a mattress with embedded actuators that delivered small stochastic displacements (0.021 mm root mean square, 0.090 mm maximum, 30 -60 Hz); this stimulus was subthreshold for causing arousal from sleep to wakefulness or other detectable changes in the behavioral state evaluated with polysomnography. We used a test-retest protocol with multiple 10-min intervals of stimulation, each paired with 10-min intervals of no stimulation. Stimulation induced an ϳ50% reduction (P ϭ 0.003) in the variance of IBIs and an ϳ50% reduction (P ϭ 0.002) in the incidence of IBIs Ͼ 5 s. The improved stability of eupneic breathing was associated with an ϳ65% reduction (P ϭ 0.04) in the duration of O2 desaturation. Our findings suggest that nonlinear properties of the immature respiratory control system can be harnessed using afferent stimuli to stabilize eupneic breathing, thereby potentially reducing the incidence of apnea and hypoxia. stochastic resonance; afferents; apnea; respiratory rhythm; wavelet transform THE BREATHING PATTERN of preterm infants often exhibits wide variations in the timing of breaths that are of clinical importance when associated with prolonged apnea and hypoxia (2, 43). Time series analyses have revealed that apneas can be associated with periodicities in breathing over broad time scales (68) or can follow irregular patterns with fractal-like dynamics of interbreath intervals (IBIs) (22). The physiological mechanisms underlying these patterns are not fully understood. Experimental and computational studies have suggested a number of factors that promote respiratory instabilities in neonates (5, 36, 48) , including an increased loop gain of chemical feedback (6), abnormal interactions between control systems governing sleep and respiration (13, 39), and vulnerabilities related to intrinsic properties of the central respiratory oscillator (15, 22, 47) . These studies support the idea that nonlinear input-output properties at many levels of organization could destabilize breathing in preterm infants.
THE BREATHING PATTERN of preterm infants often exhibits wide variations in the timing of breaths that are of clinical importance when associated with prolonged apnea and hypoxia (2, 43) . Time series analyses have revealed that apneas can be associated with periodicities in breathing over broad time scales (68) or can follow irregular patterns with fractal-like dynamics of interbreath intervals (IBIs) (22) . The physiological mechanisms underlying these patterns are not fully understood. Experimental and computational studies have suggested a number of factors that promote respiratory instabilities in neonates (5, 36, 48) , including an increased loop gain of chemical feedback (6) , abnormal interactions between control systems governing sleep and respiration (13, 39) , and vulnerabilities related to intrinsic properties of the central respiratory oscillator (15, 22, 47) . These studies support the idea that nonlinear input-output properties at many levels of organization could destabilize breathing in preterm infants.
Over the past decade, noise-enhanced stability of nonlinear control systems has been advanced as an important paradigm in biology and therapeutics (24, 46) . In neural control systems, nonlinear mechanisms can be exploited for enhancing the stability of rhythm using small noisy (i.e., stochastically varying) perturbations. For example, an irregularly firing neuron can be transformed to a robust pacemaker by tiny noisy inputs that perturb the membrane potential at or near the neuron's resonance frequency (30, 52) . The concept of noise-enhanced rhythmicity is also relevant to a population of poorly synchronized neurons in which the application of noisy stimuli promotes synchronized bursts of rhythmic activity (22a, 46a, 73) . If we consider that central respiratory rhythm is generated by coordinated activities of groups of coupled oscillators (17) , then small noisy inputs impinging upon the rhythm-generating neurons should stabilize the rhythmic output signal or even transform the system from subthreshold arrhythmic activity to robust rhythmic activity through a stochastic resonance-type mechanism (47) . Enhancement of respiratory rhythmic drive could also reduce destabilizing effects of feedback and feedforward signals impinging upon the respiratory oscillator (5, 47, 48) . The present study was motivated by the overall thesis that small noisy stimuli can enhance eupneic respiratory rhythm due to the nonlinear properties of the respiratory control system.
Experimental observations suggest that the stimulation of somatosensory afferents might be an appropriate method to promote the stability of breathing in neonates. Although there is limited information on how somatic afferents are processed by the neonatal respiratory control system, it is generally believed that somatic stimuli facilitate breathing and attenuate inhibitory reflexes (44, 66) . The stimulation of cutaneous receptors can convert apnea to spontaneous regular breathing in the fetus (33, 59) . Maternal licking of the newborn at birth is observed in many species and is postulated to provide an early stimulatory effect on breathing (16) . Manual tactile stimulation applied to the limbs or the back is used routinely to abort apneic pauses in preterm infants (35) . Vibratory stimuli applied to the chest wall of preterm infants can cause significant changes in the pattern of breathing (27) , but there is a paucity of research on the effects of vibrotactile or other forms of somatosensory stimulation on the stability of breathing.
In the present study, we use stochastic vibrotactile stimulation, in frequency ranges previously shown to affect respiratory rhythm in neonates (27, 49) , to evaluate the hypothesis that low-level noisy somatosensory stimulation can stabilize breathing in preterm infants. Oxygenation, pulse rate, sleep state, and gross body movements are evaluated concurrently. Our findings support the idea that nonlinear properties of the immature respiratory control system can be exploited using afferent stimuli to enhance the stability of breathing. Future studies are needed to investigate the potential for optimizing this effect and for determining whether this approach has relevance to clinical treatment of infant apnea.
METHODS

Human Subjects
This study was approved by the Committee for the Protection of Human Subjects in Research at the University of Massachusetts Medical School, which conforms to the standards set by the Declaration of Helsinki and the Office for Human Research Protections, United States Department of Health and Human Services. Infants were recruited for the study if they were 1) preterm with a gestational age of Ͻ36 wk and postconceptional age of Ͼ30 wk at the time of study and 2) spontaneously breathing room air or receiving supplemental O 2 through nasal cannulae at a fixed flow rate. Infants treated with methylxanthines were included if the drug had reached a steadystate level. Exclusion criteria were as follows: evidence of pulmonary disease (e.g., bronchopulmonary dysplasia or hyaline membrane disease), congenital defect, infection, cord pH Ͻ 7, anatomic brain anomaly, hydrocephalus, or intraventricular hemorrhage Ͼ grade 2. Infants were studied in the neonatal intensive care unit after written informed consent was obtained from the mother of each infant. Nine infants were studied at our institution. One infant (infant 8) was studied at St. Elizabeth's Medical Center of Boston (with institutional approval and written informed consent), and an analysis of expiratory periods (without addressing IBI incidence or variance) in this infant was presented in a brief report (49) .
The gender and pertinent ages and weights of the infants are listed in Table 1 . Infants received routine clinical care, including standard resuscitative measures if an apnea exceeded 20 s [which occurred in only one infant (infant 2)]. One infant (infant 1) received nasal cannulae oxygen (35% O 2 at 125 ml/min) throughout the study; all other subjects breathed room air. Three infants (infants 1, 2, and 6) had been receiving caffeine treatment of apnea with constant dosing for at least 3 days before the study. Six infants (infants 1-4, 6, and 7) were studied in an isolette required for thermal regulation, and four infants (infants 5 and 8 -10) were studied in an open crib. Five infants (infants 2, 4, 7, 9, and 10) were studied in the prone position, one infant (infant 8) was studied in the supine position, and four infants (infants 1, 3, 5, and 6) were studied in the supine or lateral position during the morning session and in the prone position in the afternoon after the midday feeding.
Physiological Measurements and Recordings
Respiratory inductance plethysmography (Somnostar PT, Viasys Healthcare, Yorbalinda, CA) was used to record thoracic and abdominal respiratory movements. Airflow was detected near the nares using a thermistor (Protech, Woodenville, WA) or cannulae attached to a pressure transducer (Braebon Ultra Pressure Sensor, Kanata, ON, Canada) or to an infrared capnometer (Novametrix Capnogard, Wallingord, CT) to detect expired CO 2. Pulse rate and transcutaneous arterial blood O 2 saturation (SaO 2 ) were measured using a pulse oximeter attached to the infant's foot or wrist (Nellcor, Hayward, CA). Skin temperature was recorded continuously in four infants (infants 1, 2, 9, and 10) using a disposable adhesive temperature probe attached to the infants' axilla and an electronic monitoring thermometer (Physitemp TH-5, Clifton, NJ).
Polysomnographic activity was recorded in all but one subject (infant 8). Electroencephalographic (EEG) activity was recorded over at least one central lead (CZ, C3, or C4) and over Oz, referenced to the left mastoid or right mastoid in accordance with the International 10-20 System. Left and right electrooculographic (EOG) activities were recorded at the upper or lower outer canthus, referenced to the mastoid lead. Submental electromyographic (EMG) activity was used to record muscle tone. Surface EMGs were recorded over the quadriceps or gastrocnemius muscles to monitor limb movements. A forehead lead served as ground. Bandpass filters were 1-70 Hz for EEG and EOG, 5-35 Hz for submental EMG, and 0.3-70 Hz for limb EMG.
Vibrotactile Stimulation
The infant's mattress was replaced with a specially constructed mattress (TheraSound, Glenelg, MD). The mattress contained an actuator mounted to a sounding board imbedded within the mattress foam. The actuator was driven by a Gaussian white noise signal generator with adjustable low-and high-pass filters (Balance Engineering, Lexington, MA). Using a linear displacement transducer (Trans-Tek, Don Mills, ON, Canada), we determined that there were near-uniform (Ϯ2%) displacements across the surface of the mattress. Stimulation strength is reported as the root mean square (RMS) of displacement measured at the surface of the mattress.
The stimulation was filtered white noise in the 30-to 60-Hz band, which was confirmed by power analysis of the displacement signal at the mattress surface. This frequency range was selected based on previous observations in neonates showing that mechanosensory stimulation in this range changes respiratory rhythm (27, 49) and apnea reduction without causing arousal from sleep (49) . We conducted preliminary investigations on sleeping preterm infants (unpublished observations) in which the strength of mattress stimulation was increased to a level that evoked behavioral awakenings in the infant (e.g., eye openings and body movements). On the basis of these observations, we selected a stimulus intensity of 0.021 mm RMS (0.090 mm maximum displacement) for the present study because this level was below the minimum threshold for behavioral arousal to wakefulness, as confirmed by formal polysomnographic analysis (see RESULTS) . A sound meter (Extech Instruments, Waltham, MA) was used to record sound frequency and intensity [in dB(A)]; the sound sensor was place on top of the mattress bedding material adjacent to the infant's cranium. To simulate the effect of the infant and bedding material on mattress vibration, we placed 1-to 1.5-kg saline-filled bags wrapped in a swaddle blanket on the mattress, which was covered with a sheet. Using thin accelerometers placed on the surface of the saline bags facing the mattress, we found that the presence of the bedding material and the saline bag caused an undetectable (Ͻ1%) shift in the power spectrum of accelerations over the 30-to 60-Hz band of frequencies.
Data Acquisition
All physiological signals, the ambient sound levels, and the analog output to the mattress were sampled at a rate of Ն200 Hz/channel. Data were displayed during the experiments and stored on hard disk using PC-compatible analog-to-digital data-acquisition systems. The data-acquisition system was AT-CODAS (DATAQ Instruments, Akron, OH) for eight infants and Embla N7000 (Broomfield, CO) for two infants. Observations by the investigators and nursing staff were recorded as time-stamped text comments along with the signals. Synchronized video recordings were achieved in two subjects with the Embla system (wide-angled lens Micro-Camera, Panasonic).
General Procedures
Experiments were conducted between 7 AM and 5 PM. All infants received feeding every 3-4 h; the exact time was at the discretion of the nursing staff. After the initial setup of the equipment and attachment of all sensors and electrodes, the infants were given their routine morning feeding, and there was an observation period of 30 min used to assure integrity of the recordings and to allow the infant to resume sleeping. Once this adjustment session was completed, each subject participated in an experimental session that lasted 1 h. Eight infants participated in a second (afternoon) experimental session. This followed the midday feeding, which involved removal from the crib in one infant (infant 5); all other infants received gavage feedings in their crib. A second adjustment period (30 min) followed the midday feeding and preceded the afternoon experimental session that lasted 1 h.
Experimental Protocol
Throughout each experimental session, a computer controlled the mattress actuators with preset time intervals using a customized program (Labview version 6.1, National Instruments, Austin, TX). The mattress stimulation alternated in 10-min intervals between continuously vibrating (on interval) and not vibrating (off interval) through three on-off cycles, i.e., a total of 30 min of stimulation and 30 min of no stimulation for each 1-h experimental session. The order of on versus off intervals (i.e., trials with the on interval followed by the off interval vs. trials with the opposite order) was counterbalanced between the morning and afternoon sessions and randomized across subjects. Figure 1 (see also RESULTS) shows an illustration of the protocol in one infant (infant 4).
Data Processing and Analyses
All data analyses involving manual measurements were completed while the investigators were masked with respect to the condition of mattress stimulation.
IBIs. Inductance plethysmography of abdominal movements was used to generate a time series of IBIs in 10 subjects. To accomplish this, we excluded periods during which the respiratory movements were obscured by artifactual signals related to gross body movements. These exclusion periods were determined by examination of surface EMG activity and movement artifacts generated on the transcutaneous pulse signal. Text comments written at the time of the study were also used to confirm that signal artifacts were due to gross body movement. These sources of information on infant movement were used to corroborate that inductance plethysmographic signals included for analysis were respiratory in nature. Periods containing movement artifacts that exceeded 5 s were defined for each condition and removed from subsequent analyses (except sleep; see Sleep scoring and EEG power spectrum analyses). IBIs were determined using peak detection software (AT Codas, Dataq Instruments, Akron, OH). We empirically determined the software parameters that detected inductance changes in the abdominal movement recordings corresponding to the smallest eupneic breaths, using nasal airflow signals for corroboration.
Two types of analyses were conducted on IBIs: 1) the statistical properties of the IBI histogram and 2) the properties of the IBI time series. Statistical properties of the IBI histogram included the mean and variance of the IBI distribution. The latter is a measure of breathing stability. To quantify the incidence of IBIs over a specified range, the number of IBIs within the range of interest was calculated per unit of nonmovement time (in h).
IBIs of Ͼ5 s were defined as a pause in breathing rhythmicity. These pauses were always associated with a lack of airflow. Therefore, the pauses defined in this study were central (nonobstructive) apneas. Because the preterm infant has a highly compliant chest wall that often leads to paradoxical breathing, the accurate detection of true obstructive apnea is problematic using inductance plethysmography and requires simultaneous measurement of oral and nasal airflow. We could not confidently detect obstructive apneas in the present study and report only the central apneas.
Wavelet transform of the respiratory signal. The respiratory inductance signal (with movement periods removed as detailed above) was subjected to wavelet analysis using standard methods (65) . The wavelet transform computes the frequency content of a signal as a function of time. It incorporates the time scales of the signal within the window of analysis and thereby maintains the correct multitimescale properties of the signal. Using the algorithm of Torrence and Compo (65), we obtained the continuous wavelet transform of the discrete respiratory signal using a complex Morlet wavelet basis function. The smallest scale (s o) was selected as twice the sampling period, and the other scales (s j) were selected according to the relation sj ϭ so2 j⌬j , where ⌬j ϭ 0.5 and j ϭ 1, 2, . . . , J, where J is set at a value such that the highest scale obtained was 115.85 s. Scale-averaged power (SAP) was calculated as the weighted sum of the wavelet power spectrum in defined ranges. The SAP of the respiratory signal was calculated for specified ranges of periods (T): T Յ 2 s includes the eupneic range of periodicities and T Ͼ 5 s includes the time scale of apneic pauses.
O2 destaturation and pulse rate. O2 desaturation time was calculated as the percentage of time in which O2 saturation was below 85%. The beat-to-beat pulse rate was determined from the infrared pulse transducer. Mean pulse rate and pulse rate variance, a measure of heart rate stability, was calculated in nine subjects (the raw pulse signal was not available in infant 8). O2 desaturation time and pulse rate were analyzed with respect to valid recording time, in other words, the time that the respective recordings were not obscured by movement artifacts.
Sleep scoring. The sleep stage was scored for 30-s epochs using EEG, EOG, and submental and limb EMGs. Scoring was based on the EEG waveforms and behavioral observation to define quiet sleep (QS), active sleep (AS), indeterminate sleep (IS), and wakefulness (W; defined by Ն1 min of movement artifacts), as detailed previously in studies of preterm neonates (10, 12) . Time-stamped comments and observations from extracranial monitors were used secondarily (e.g., artifacts in the pulse oximeter waveform confirmed movement periods). The scorer of the behavioral sleep stage was masked to the respiratory channels and mattress status. The relative time in each stage was expressed as percentages of total condition time that included movement periods.
EEG power spectrum analyses. To calculate the frequency content of EEG activities (60), discrete fast Fourier transforms were performed on a central lead (C3 or CZ) referenced to an anterior lead (A1 or A2) selected based on signal quality. For each infant, the mean power was computed for specified spectral bands [␦ (0.5-4 Hz), (4 -8 Hz), ␣ (8 -13 Hz), and ␤ (13-22 Hz)] for the entire on condition, the entire off condition, and the 60-s epochs immediately before and immediately after the onsets and offsets of stimulation intervals. Movement periods were not excluded from these analyses. For each epoch of time, the percentage of the total power for each band was calculated.
Statistical analysis. Statistical calculations were performed using commercially available software (SPSS version 11.5, Chicago, IL). Parametric tests were used for analyses of all continuous variables except for comparisons involving the incidences of specified ranges of IBIs, which is a skew distribution. Nonparametric tests were also used for analyses of ordinal datasets used to compare behavioral sleep states at stimulation transitions. The Kolmogorov-Smirnov (onesample) and Friedman's and Wilcoxon signed-rank tests were used for the nonparametric analyses. For factorial analyses of parametric data, separate repeated-measures ANOVAs were used. For factors with more than two levels, the Greenhouse-Geisser correction was used, and ε with unadjusted degrees of freedom is reported. Where a main effect was observed for factors with more than two levels, post hoc tests using the Bonferroni adjustment are reported. For variables with two levels, pairwise t-tests were used to determine whether differences existed between stimulation on and stimulation off conditions. Two-tailed P values are reported. Pearson product-moment correlation coefficient analysis was used to establish the association between pathological pauses in breathing and breathing stability and between sound levels observed with mechanical vibration of the mattress and each of these variables. Values are expressed as means and SD. P values of Ͻ0.05 were considered statistically significant. For graphical depictions that summarize results across all subjects, we plotted the ratio of mean values in the on condition and off condition (a ratio of 1 is equivalent to no effect). The percent reduction of a value in the on condition compared with the off condition is 1 minus the ratio (ϫ100). The range of likely mean values is shown using 95% confidence intervals. Figure 1 is an example of the stimulation protocol in one infant (infant 4). There were three experimental trials in the morning; each trial consisted of a 10-min interval of no stimulation (off interval) and a 10-min interval of stimulation (on interval). This was followed by a feeding and an adjustment period (Fig. 1, dotted bar) that preceded the afternoon experiment, which consisted of another three experimental trials. Therefore, the total duration of each condition (on or off) was 60 min. Note that the order of the stimulus conditions at the onset of the morning and afternoon trials was counterbalanced; in this example, the morning experiment started with a 10-min stimulation off interval and the afternoon started with a 10-min stimulation on interval. Across the 10 subjects, the morning trials began between 8:30 and 10:00 AM and the afternoon trials began between 12:30 and 2:00 PM. Six infants received six on-off trials (3 in the morning and 3 in the afternoon), as shown in Fig. 1 . The remaining four infants received fewer than six experimental trials, but the alternating stimulus on-off intervals and counterbalanced protocol were retained. One infant (infant 2) received five trials (2 in the morning and 3 in the afternoon), and the remaining three infants (infants 1, 6, and 8) received three trials (in the morning). The reasons for fewer than six trials were because the infant woke for a feeding before the end of an experimental period (infant 2) or technical problems related to sensors or recording equipment (infants 1, 6, and 8).
RESULTS
As noted in METHODS, gross body movements compromised the reliability of the respiratory inductance signal. In Fig. 1 , this is shown as gaps in the IBI time series. In all experiments, infants exhibited gross body movements nearly 24% (SD 7.2) of the time throughout the study (see also Markers of Behavioral State Were Unaffected by Stimulation). The mean period of generalized movements in the stimulation on conditions was not significantly different from the stimulation off conditions (P ϭ 0.36; see Table 2 ).
An example is shown in Fig. 1 , which shows a reduction in IBI variance for each of the on conditions across all six experimental trials (third panel from the top). To test the effect on IBI variance of trial order (trials 1-6) and stimulus condition (on or off), IBI variance was examined with repeated-measures ANOVA in the six infants that had the full set of six trials. The on condition was associated with a significantly reduced variance of IBIs compared with the off condition; the main effect for condition (on or off) was significant (F 1,5 ϭ 10.235, P ϭ 0.024). IBI variances were unaffected by trial order within each condition, as indicated in the analysis by no significant effect of trial order (P ϭ 0.454) or reliable interaction term (P ϭ 0.771). Figure 2 shows a plot of the mean IBI variance of all off intervals and all on intervals for each of the 10 infants. There was a wide range of IBI variances over nearly an order of magnitude among the 10 infants, but the IBI variance was consistently higher in the off condition (group mean of 0.91 s 2 , SD 0.55) compared with the on condition (group mean of 0.46 s 2 , SD 0.30). This ϳ50% reduction in IBI variance associated with stimulation was significant (P ϭ 0.003). Despite this large reduction in the variance of the IBI distribution, the mean IBI was not significantly affected by stimulus condition ( Table 2) .
Incidence of Prolonged IBIs Was Reduced During Stimulation
To obtain a more complete picture of how the breathing patterns are reconfigured during stimulation, we analyzed the IBI histograms, which were skewed distributions observed separately for both the on and off conditions for each infant (Kolmogorov-Smirnov one-sample tests, P Ͻ 0.001), with a preponderance of breaths occurring in the eupneic range (Յ2-s IBIs). We were interested in how stimulation redistributes the incidences of IBIs that occur in the apneic range (IBIs Ͼ 5 s). Figure 1 shows an example in one infant of the reduction in pauses by plotting the number of times that IBIs of Ͼ5 s were observed for each 10-min period (fourth panel from the top). Note that in this infant, during each of the six trials, there was a reduction in the number of IBIs of Ͼ5 s in the on condition compared with the corresponding off condition. Figure 3A shows the mean incidence of IBIs of Ͼ5 s for all trials in the on and off conditions for each infant. There was a significant reduction in the incidence of IBIs of Ͼ5 s with stimulation (mean 18.62 h
Ϫ1
) compared with no stimulation (mean 37.07 h
, P ϭ 0.002). The reduction in the incidence of IBIs of Ͼ5 s observed during stimulation was also significantly correlated with the reduction in IBI variance, as shown in Fig. 3B (r ϭ 0.733, P ϭ 0.008).
We further analyzed the incidences of IBIs within the following ranges: IBI Յ 2 s, 2 s Ͻ IBI Յ 5 s, 5 s Ͻ IBI Յ 10 s, and IBI Ͼ 10 s. To determine whether stimulation caused a shift in these incidences, we calculated the ratio of mean values in the on condition and in the off condition. A ratio of 1 is equivalent to no effect of stimulation. Figure 4 shows a plot of these ratios for the IBIs of interest. Since the distribution of breaths among intervals was skewed, we applied nonparametric analysis using separate Friedman's ANOVA of ranks to determine the effect of stimulation (on vs. off) on the incidence of IBIs among each of the intervals and to determine if the effect varied between the ranges of IBIs defined in Fig. 4 . Stimulation was associated with a significant redistribution of the incidences of IBIs across all intervals ( 2 ϭ 67.08, P ϭ 0.001) and between the intervals ( 2 ϭ 9, P ϭ 0.029), respectively. Separate post hoc paired comparisons (Wilcoxon with Bonferroni corrections for multiple comparisons) revealed that stimulation significantly reduced IBI incidence for IBI Ͼ 5 sec (i.e., 5 s Ͻ IBI Յ 10 s, P ϭ 0.013; and IBI Ͼ 10 s, P ϭ 0.042).
Analysis of Respiratory Periodicities Using Wavelet Transform
Since the eupneic breathing period in preterm infants is Յ2 s, the variance of the time-dependent scale-averaged wavelet power for periods Յ2 s is an index of eupneic breathing stability (i.e., decreased variance reflects increased stability). For the group of 10 subjects, there was a significant correlation between the reduction in IBI variance induced by stimulation Fig. 2 Values are expressed as means (SD) in 10 subjects for interbreath interval (IBI) and O2 desaturation data and in 9 subjects for pulse rate, behavioral, and EEG data. 2 , variance.
and the corresponding reduction in variance of wavelet power oՅ2 s (r ϭ 0.51, P ϭ 0.021), with a 44% reduction in the variance of wavelet power Յ2 s in the on condition (mean 0.133 mV 4 , SD 0.144) compared with the off condition (mean 0.235 mV 4 , SD 0.261), although this reduction did not reach statistical significance (P ϭ 0.076). Since apnea episodes should increase the wavelet power of periodicities, which include the apnea periods, we also analyzed wavelet power Ͼ5 s. We found no significant correlation (r ϭ 0.14, P ϭ 0.71) between the reduction of wavelet power Ͼ5 se and the reduction in IBI variance induced by stimulation. For the group of 10 infants, the wavelet power Ͼ5 s was 13.3 mV 2 (SD 8.8) in the off condition and 15.4 mV 2 (SD 17.4) in the on condition. The difference was not significant (P ϭ 0.31). We found that wavelet analysis of the long periods (Ͼ5 s) was compromised by movement artifacts in the respiratory tracings, causing large increases in wavelet power Ͼ5 s that were unrelated to breathing. This artifact was demonstrable for periods on the order of the time scales of interest, causing shifts in SAP for up to 15 s before the onset of the movement artifact (i.e., removal of the artifactual movement signal did not correct the wavelet-derived power). Figure 5 shows an example of tracings that were not contaminated by movement artifacts. In this case (infant 3), apneic pauses were periodically recurring, providing us with an opportunity to visualize and quantify the short-term dynamics of the responses to stimulation. The periodic breathing pattern converted to eupneic breathing after the onset of stimulation (Fig. 5A ) and back to periodic breathing after the offset of stimulation (Fig. 5B) . The corresponding IBI and wavelet power time series were computed along with the respiratory pattern. Note that the eupneic pattern after the onset of stimulation was associated with reduced variability in the wavelet power Յ2 s and a reduction in the wavelet power Ͼ5 s. The time course of the transition from periodic breathing to eupnea was rapid (Ͻ10 s) after the onset of stimulation. The time course for the transition back to periodic breathing after the offset of stimulation was longer (ϳ60 s). These changes were seen in the wavelet power time series in the eupneic range (Ͻ2 s) as well as the wavelet power for longer periodicities (Ͼ5 s) associated with periodic breathing. The contour plots (Fig. 5, A  and B, bottom) show the normalized wavelet power over all relevant periodicities.
O 2 Desaturation and Pulse Rate Variance Were Reduced During Stimulation
O 2 saturation levels were recorded in all infants. Stimulation was associated with a significant reduction in the amount of time the infants' O 2 levels desaturated below 85% (P ϭ 0.04). On average, 1.92% (SD 1.6) of the time (i.e., 7 min/h) Sa O 2 was Ͻ85% without stimulation compared with 0.68% (SD 0.97) of The pulse signal from the oximeter was recorded in all infants except for infant 8, in which the pulse signal was displayed but the analog output signal was unavailable for recording. The mean pulse rate in the nine infants was 142 min Ϫ1 (SD 11) and was unaffected by stimulation (P ϭ 0.14). The mean pulse rate variance was reduced in the stimulation on condition [mean 87 (min Ϫ1 ) 2 , SD 45] relative to the stimulation off condition [mean 121 (min Ϫ1 ) 2 , SD 61], but this reduction did not reach significance (P ϭ 0.086).
Skin Temperature and Ambient Sound Levels
The infants' skin temperature, recorded continuously in four infants (infants 1, 2, 9, and 10), remained constant throughout the study. There were no significant differences in skin temperature between stimulation off (mean 36.11°C, SD 0.31) and stimulation on (mean 36.09°C, SD 0.17) conditions (P ϭ 0.13). Sound levels were recorded in all infants near the cranium (see METHODS). There was a 2-dB(A) difference in the sound level, measured adjacent infants' cranium, between conditions. The mean sound level during the off condition was 50.9 dB(A) (SD 2.8), which was not significantly different than the sound level during the on condition [52.9 dB(A), SD 3.9, P ϭ 0.13]. There was no correlation among the 10 infants between the change in sound level (between off and on conditions) and either the reduction of IBI variance (P ϭ 0.40) or the reduction in the incidence of IBI Ͼ 5 s (P ϭ 0.30) associated with stimulation.
Markers of Behavioral State Were Unaffected by Stimulation
Sleep scores and EEG spectra throughout the experimental periods. There were no differences between conditions in either the relative amount of sleep or wakefulness observed (P ϭ 0.35 and P ϭ 0.32, respectively). The mean percentage of total sleep was 81.8% (SD 10.4); the mean percentage of wakefulness was 17.6% (SD 9.9).
Two separate repeated-measures ANOVAs were performed to test effects due to stimulation condition (on or off) and either sleep state (QS, AS, IS, or W) or EEG power (␦, , ␣, or ␤). The stimulation condition had no significant effect on either the percentage of time spent in any particular sleep state (P ϭ 0.17) or on the EEG frequencies examined (P ϭ 0.59). There was a main effect for sleep state (F 3,24 ϭ 23.96, P Ͻ 0.001, ε ϭ 0.477) and for EEG power (F 3,24 ϭ 361.8, P Ͻ 0.001, ε ϭ 0.388). Separate post hoc comparisons were performed to compare the amount of QS with the other levels of sleep and to compare the amount of ␦ power with that of the other EEG Fig. 5 . Example (infant 3) of temporal changes in breathing patterns after the onset of stimulation and offset of stimulation. A: onset of stimulation (at the end of the 10-min off interval) was associated with a rapid switch from periodic to regular breathing (top), with was associated with reduced variability in IBI and in wavelet-derived power Յ2 s and reduced power of periodicities Ͼ5 s. B: offset of stimulation (at the end of the 10-min on interval) was associated with a gradual (over ϳ1 min) evolution in the breathing pattern from eupnea to a progressively less stable pattern with increasing variability in IBI and wavelet power Ͻ2 s and a rise in wavelet power Ͼ5 s, which corresponded to the emergence of periodic breathing and apnea pattern. The bottom images show the contour plot of wavelet power. The color scale was mapped to log of normalized power using the normalized energy function (65) . Note the complex temporal evolution of a range of periodicities, induced by the onset and offset of stimulation. frequency bands. Regardless of condition, there was significantly more QS compared with either AS, IS, or W (P Ͻ 0.003 with Bonferroni corrections) and significantly more ␦ EEG than each of the other three frequency bands (P Ͻ 0.003 with Bonferroni corrections). There were no significant interaction terms for either of these analyses.
Sleep state and EEG frequency content at stimulation transition. Wilcoxon signed-rank tests were used to compute whether the sleep state for the 30-s epoch immediately before a stimulation transition was the same as the sleep state for the 30-s epoch immediately after a stimulation transition. Sleep and wake states were not significantly affected by stimulation transitions going from either off to on (P ϭ 0.45) or on to off (P ϭ 0.25). Out of 90 transitional periods, regardless of the direction of the transition, 80% of the sleep/wake states remained the same for the epoch immediately before and after the transition, 10% resulted in changes between sleep states, 3.3% resulted in a change from wake to sleep, and 6.6% resulted in a change from sleep to wake. Notably, the change to wake occurred three times for the on to off transition and three times for the off to on transition.
Discrete fast Fourier transforms were also performed on the 1-min epoch immediately before and after the onset and offset of stimulation. For each stimulation condition, the mean percentage of the total power was computed for each EEG frequency band (␦, , ␣, and ␤) separately for the off and on stimulation transitions. Repeated-measures ANOVA revealed no main effect for transition (before or after, P ϭ 0.18) or for direction (on to off or off to on, P ϭ 0.80). The effect for EEG frequency band (␦, , ␣, and ␤) was significant (F 3,24 ϭ 301, P Ͻ 0.001, ε ϭ 0.412) . This was due to significantly more power in the ␦ band than any other EEG frequency band (P Ͻ 0.006 with Bonferroni corrections), more than ␣ or ␤ (P Ͻ 0.006 with Bonferroni corrections), and more ␣ than ␤ (P ϭ 0.018 with Bonferroni corrections). There were no significant interaction terms. Together, these finding support that regardless of whether the stimulation transition went from on to off or from off to on, there were no measurable changes either in the infants' behavioral state or in the EEG power spectra.
DISCUSSION
The major finding of this study is that immature patterns of breathing in preterm infants can be shifted toward greater stability of eupneic patterns by stochastic mechanosensory stimulation. The stabilizing effect was associated with reduced apnea and oxygen desaturations. Our results were achieved with stimulus intensities that were subthreshold for causing behavioral arousal to wakefulness or for causing shifts in the power spectrum of EEG activities. Figure 6 and Table 2 show a summary of the study results.
The apparent enhancement of respiratory rhythm supports the idea that nonlinearities in the immature respiratory control system can be harnessed to stabilize eupneic breathing patterns using small noisy inputs (47) (48) (49) . Our work is an addition to the accumulating body of evidence documenting enhanced performance of physiological control systems by stochastic stimulus inputs having specified intensities and spectral properties (7-9, 30, 40, 45-47, 49, 52, 56, 57, 62, 72, 73) . Improvement in function using noisy external stimulation might seem counterintuitive. One explanation is based on theory of stochastic resonance (23, 24) , a universal property of nonlinear systems with thresholds, in which information transmission can be enhanced by raising the rate of threshold crossing. This effect of noise is maximal for an optimal intensity of stimulation and drops with further increases in stimulus intensity. If central apnea represents a state of inspiratory neuronal quiescence, noisy inputs having sufficiently low intensity could increase the likelihood of threshold crossing for inspiratory neuronal burst generation without disrupting the proper sequencing of the respiratory phases. The presence during apnea of subthreshold oscillations in neuronal excitability might facilitate this prorhythmic effect of noise but is not necessary; even neurons at a steady potential can be induced to fire rhythmically via a stochastic resonance-type mechanism (47, 52, 53a) . Other hypothetical mechanisms include stochastic phase-locking or stochastic synchronization of populations of rhythm-generating neurons (46a, 73) that exhibit bursting during discrete phases of eupneic breathing (17) . Our findings point to the need for further experimental work in animal models of infant apnea (e.g., Ref. 11) to address these possible mechanisms and other basic questions on how stochastic inputs might enhance the function of respiratory rhythm-generating circuits. For example, is rhythm most readily stabilized by pink (1/f) noise, Gaussian noise, or some other type of distribution? Are there particular stimulus frequencies and phase relationships (relative to the respiratory rhythm) that optimally stabilize the normal rhythmic state over pathological states? Can noisy perturbations have rhythm-destabilizing effects, in which certain stimuli cause a switch from eupneic to dysrhythmic states (21, (47) (48) (49) (50) (51) (52) 71) ?
Our analysis also complements previous observations suggesting that diverse physiological stimuli are capable of reducing apnea in infants (3, 32, 35, 37, 42, 53, 67) and in immature animals models of apnea (33, 47, 59, 61, 64) . The novelty of our contribution is to quantify the effect of a defined mechanosensory stimulus on breathing patterns using physiological time series analyses and to provide a link between stability of rhythm and the incidence of apneic pauses. Our experiments were not designed to address clinical outcomes; longitudinal studies in more infants would be required to address the implications of our approach for treatment of infant apnea (19, 29) . It is also important to point out that while unstable breathing patterns associated with apnea and hypoxia arouse clinical concern, the precise features of highly variable breathing in infants that distinguish normal from pathological states are not well understood (5, 22, 36, 48, 68) . This underscores the point that certain types of variability can be biomarkers of healthy physiological control (see, e.g., Refs. 25 and 54).
Mechanosensory Stimulation
Mechanosensory stimulation was achieved using actuators embedded within the infant's mattress. Our use of displacement frequencies in the range of 30 -60 Hz was based on previous observations of mechanosensory-induced changes in respiratory rhythm in premature infants (27, 49) . The optimal displacement frequencies that stimulate non-nociceptive mechanoreceptors in infants are uncertain. In newborn animal models, there are important maturational changes in the mechanoresponsiveness of nerve endings and central processing of afferent impulses, with a shift from lower frequency responsivity in the newborn to a much broader frequency response in adults (18, 20) . Our choice of the lower range of displacement frequencies is supported by these developmental considerations.
There are some caveats regarding our method of stimulation. We quantified the displacements and spectral properties of the mechanical stimulus at the surface of the mattress. The bedding material and presence of the infant did not cause significant shifts in the power spectrum of mattress vibration. However, despite the reproducibility of the mechanical stimulus, it is important to recognize that the somatotopic receptive field of stimulation must have varied according to the position of the infant on the mattress. Most of the trials took place while the infant was prone; however, some infants were placed in the supine and lateral positions. The respiratory responses were qualitatively similar in all infants (increased stability of breathing during stimulation irrespective of position), but a larger study would be required to address whether there are quantitative effects of position.
Another consideration is whether our findings could have resulted at least in part from auditory stimulation. Changes in the breathing pattern in response to sound has been used as a test of auditory perception in the newborn (4, 70) , and auditory evoked responses are recorded in the neonate with frequencies as low as 500 Hz (58). The lower limit of frequency responsiveness of the neonatal auditory system is not known, but to our knowledge a measurable auditory response is not established for the 30-to 60-Hz frequency range used in our study. Furthermore, the increase over background sound levels associated with stimulation was very small [ϳ2 dB(A)] and did not reach statistical significance. Neonates have a higher auditory threshold compared with adults (38) . We therefore suggest that the effective stimulus in our study was predominantly if not exclusively of somatic mechanoreceptors. An interesting question for future study is whether auditory stimulation per se might have similar stabilizing effects on respiratory rhythm.
Respiratory Response
Our finding of a respiratory stabilizing effect of stimulation was robust using different measures. Reductions in the variance of IBIs were well correlated with reductions in the incidence of apneic pauses and the variance of wavelet-derived power of respiratory rhythm for periodicitites in the eupneic range. While analysis of the wavelet power of eupneic periods (Ͻ2 s) provides an index of respiratory stability, our analysis of longer time scales was compromised by artifacts related to gross (nonrespiratory) movements. Epochs with no movement artifacts (e.g., Fig. 5 ) provide interesting preliminary evidence that changes in wavelet-derived periodicities at the onset and offset of stimulation exhibit temporal changes that are consistent with previous work on short-term potentiation of the respiratory control system (69). These preliminary observations suggest a richness in the dynamics of the mechanosensory response of the immature respiratory control that merits further study.
We used a test-retest protocol in which infants were studied during off-on stimulus periods over up to six trials throughout the day. The initial stimulus condition was randomized across infants, and the order of on versus off stimulus conditions was counterbalanced between morning and afternoon experimental sessions. Although there are no known periodicities in breathing over 20-min time periods, counterbalancing the stimulus condition excludes any potential confounds that might emerge from variations in breathing that coincide with the paired stimulus trials.
The improvement in breathing stability associated with mechanosensory stimulation was consistent across trial periods throughout the day. We found no evidence of cumulative enhancements or reductions in breathing stability across trials. These conclusions are based on our measurement of variance of IBIs during each of the 10-min periods across the trials.
The increase in stability of breathing was associated with a reduction in O 2 destauration. This finding is not surprising because the incidences of apneic pauses across all ranges were reduced by mechanosensory stimulation. The relationship between apnea duration and transcutaneous O 2 desaturation is highly variable across infants; the level of O 2 stores, metabolic rate, and hemoglobin properties are important factors. A generally accepted view is that respiratory pauses lasting beyond 20 s result in dangerously low tissue O 2 levels, which can cause damage to the heart, lungs, and brain (2, 43) . But, it is important to note that tissue O 2 can desaturate precipitously with apnea pauses as brief as 8 -10 s (55). A reduction in the incidence of apneic pauses therefore is the most parsimonious explanation for the concurrent reduction in hypoxia. Our experiments do not exclude other mechanisms, for example, improvement in alveolar gas exchange due to mechanical perturbations of the lower airways (26, 62) . The incidence of O 2 desaturation and of prolonged apnea were relatively low in our study, and correlation analyses between breathing patterns and O 2 saturation levels were further confounded by the presence of movement artifacts in both the respiratory and pulse oximeter tracings. Further study is needed in more infants for establishing a direct correlation between these events with sufficient power to address the mechanism of improved oxygenation during mechanical stimulation.
In premature infants, the onset of apnea is usually nonobstructive, and there is no inspiratory effort throughout the episode or an obstructed effort near the end of the apnea (31) . Airway obstruction at apnea onset is uncommon in premature infants, especially with the careful head positioning and airway suctioning practices used in the neonatal intensive care unit. Our focus on IBIs is sufficient for defining nonobstructive apneic pauses. The detection of obstructive apnea requires the monitoring of nasal and oral airflows. While preterm infants are thought to breathe predominantly through the nose, the transition to mouth breathing occurs frequently during nasal occlusion (14) , and, therefore, the attenuation of nasal airflow with continuing respiratory movement is not pathognomonic for obstructive apnea.
We used inductance plethysmography to define breathing patterns. However, during gross body movements, which typically occur during wakefulness, this method cannot reliably distinguished respiratory movement from other movements. Apnea episodes can occur during a variety of vigorous motor activities, which have been demonstrated using special methods for quantifying minute ventilation and lower esophageal pressure during locomotive bouts in preterm infants (1) . Therefore, further studies would be needed using such methods to determine if mechanosensory input has an effect on breathing during these locomotive periods associated with wakefulness.
Behavioral State and EEG Responses
Our results were achieved with stimulus intensities that were subthreshold for causing behavioral arousal to wakefulness or for causing shifts in the power spectrum of EEG activities. Most of the infants in our study were Ͻ33 wk postconception, and they exhibited a preponderance of QS with EEG patterns consisting of prominent discontinuous patterns. Infants Ͼ33 wk postconception had more active sleep. The respiratory stabilizing effect and the lack of arousal to wakefulness with stimulation were found for all infants irrespective of postconceptional age. Furthermore, we found no evidence that mechanosensory stimulation induces shifts from one stage of sleep to another.
Our findings raise the question as to whether mechanosensory stimulation enhances breathing by causing "subcortical arousal." This state is defined as an increase in gross body movements and concurrent changes in heart rate or respiratory rate during sleep without a change in EEG activity (63) . In our subjects, mechanosensory stimulation was associated with a state of reduced variability in respiratory and pulse rates without changing their mean levels and without increasing gross body movement. Mechanosensory stimulation therefore appears to induce a stabilizing influence on subcortical autonomic activities, distinct from the state of subcortical arousal that has been associated with autonomic instability (28) and sudden death (34) .
